Background: Prostaglandin E 2 (PGE 2 ) is an inflammatory mediator produced in cancer. Results: B16 melanoma cells injected into mice metastasized to bone and soft tissues by activating PGE 2 -EP4 signaling in stromal cells, inducing osteoclast activation, angiogenesis, and cancer cell proliferation. Conclusion: Stromal cell PGE 2 is a key mediator of melanoma tumorigenesis and metastasis. Significance: EP4 receptor blockade is a new potential therapy for tumor metastasis.
The stromal cells associated with tumors such as melanoma are significant determinants of tumor growth and metastasis. Using membrane-bound prostaglandin E synthase 1 (mPges1 ؊/؊ ) mice, we show that prostaglandin E 2 (PGE 2 ) production by host tissues is critical for B16 melanoma growth, angiogenesis, and metastasis to both bone and soft tissues. Concomitant studies in vitro showed that PGE 2 production by fibroblasts is regulated by direct interaction with B16 cells. Autocrine activity of PGE 2 further regulates the production of angiogenic factors by fibroblasts, which are key to the vascularization of both primary and metastatic tumor growth. Similarly, cell-cell interactions between B16 cells and host osteoblasts modulate mPGES-1 activity and PGE 2 production by the osteoblasts. PGE 2 , in turn, acts to stimulate receptor activator of NF-B ligand expression, leading to osteoclast differentiation and bone erosion. Using eicosanoid receptor antagonists, we show that PGE 2 acts on osteoblasts and fibroblasts in the tumor microenvironment through the EP4 receptor. Metastatic tumor growth and vascularization in soft tissues was abrogated by an EP4 receptor antagonist. EP4-null Ptger4 ؊/؊ mice do not support B16 melanoma growth. In vitro, an EP4 receptor antagonist modulated PGE 2 effects on fibroblast production of angiogenic factors. Our data show that B16 melanoma cells directly influence host stromal cells to generate PGE 2 signals governing neoangiogenesis and metastatic growth in bone via osteoclast erosive activity as well as angiogenesis in soft tissue tumors.
Prostaglandin E 2 (PGE 2 ) 2 is an inflammatory mediator produced by many cells and is known to have effects on aspects of tumorigenesis, including cell proliferation, survival, and invasiveness (1) . PGE production is regulated by three metabolic steps: the release of arachidonic acid from membrane phospholipids by phospholipase A2 (PLA2), the conversion of arachidonic acid to PGH2 by cyclooxygenases (COX), and the synthesis of PGE 2 by PGE synthases (PGES). There are two COX enzymes, COX-1 and COX-2, and three PGES, membranebound PGE synthase (mPGES)1, mPGES-2, and cytosolic PGES, in the metabolic pathway of PGE synthesis, and increased expression of COX-2 and mPGES-1 have been implicated in various inflammatory diseases (2, 3) . Previous studies have also shown a correlation between tumor growth and PG synthesis. Blocking PG synthesis by nonsteroidal anti-inflammatory drugs has been reported to reduce the risk of breast cancer and colon carcinogenesis (4, 5) . Cancer cells from breast, skin, kidney, gastric, lung, and colon cancers express COX-2 highly, and COX-induced PGE 2 production enhances their tumorigenesis, suggesting that PGE 2 acts directly on these cells to enhance cell proliferation, invasion, and tumor metastasis (6 -8) . On the other hand, tumor cell PGE 2 may act on nontumor cells, such as stromal cells, vascular endothelial cells, and natural killer cells, to regulate angiogenesis and natural killer cell function, which are critical for tumorigenesis and metastasis (9, 10) . We have shown that the expression of COX-2 was elevated in the surrounding stromal cells and osteoblasts in the region of bone metastasis of cancer (11) and that PGE 2 is mainly produced by osteoblasts in bone tissue and may act as an inducer of bone resorption associated with the metastasis of cancer to bone (12) . However the precise importance of PGE 2 derived from other stromal cells has not been determined.
We previously generated mPGES-1-deficient (mPges1 Ϫ/Ϫ ) mice to examine the role of mPGES-1 in PGE production and its biological significance and found that PGE 2 production by macrophages treated with LPS was impaired in mPges1 Ϫ/Ϫ mice (13) . In addition, we have reported that the bone resorption associated with inflammation was attenuated in mPges1 Ϫ/Ϫ mice because of the lack of PGE production by osteoblasts (14) . The outstanding question, therefore, is the role of mPGES-1/PGE in the host stromal cells in driving tumorigenesis and bone metastasis.
The metastasis of cancer to bone is accompanied by severe osteolysis with enhanced osteoclastic bone resorption. Previous studies have identified the receptor activator of NF-B ligand (RANKL) as a pivotal factor in osteoclast differentiation and bone resorption (15) (16) (17) (18) . Osteoblasts express RANKL in response to bone-resorbing factors and interact with osteoclast precursors expressing RANK, inducing their differentiation into osteoclasts (17) (18) (19) . An anti-RANKL antibody clearly suppressed bone metastasis and the occurrence of skeleton-related events in both animals and humans (20, 21) . We have reported that direct contact between human breast cancer cells and osteoblasts induced RANKL expression in osteoblasts to stimulate osteoclastogenesis (22) . We therefore wished to assess the mechanism of melanoma-induced osteolysis during bone metastasis through the RANK-RANKL axis.
The effects of PGE 2 are mediated through a family of G-protein-coupled receptor subtypes identified as EP1, EP2, EP3, and EP4 in individual target cells (23) . Using EP4-null mice (Ptger4 Ϫ/Ϫ ) and specific agonists for the respective EPs, we have demonstrated previously that PGE 2 produced by osteoblasts in bone binds to the EP4 receptor of osteoblasts to initiate RANKL-dependent osteoclast formation (24, 25) . EP-related signaling appears to play a key role in both cancer and stromal cells of the microenvironment and needs to be better understood to gain an insight into the mechanisms of PGE 2 -dependent tumor growth and metastasis.
In this study, we used mPges1 Ϫ/Ϫ mice, Ptger4 Ϫ/Ϫ mice, and specific antagonists of EPs to examine the role of PGE 2 derived from normal host cells on the growth and metastasis of malignant melanoma. PGE 2 production and EP4 receptor signaling in host stromal lineage cells in the tumor microenvironment may play a key role in tumor growth, bone metastasis with severe osteolysis, and also metastasis to various soft tissues.
Experimental Procedures

Animals, Cells, and Reagents-The mPges1
Ϫ/Ϫ , Ptger4 Ϫ/Ϫ , and littermate wild-type mice were established by gene targeting as described previously (13, 26) . The mouse malignant melanoma cell line B16 was obtained from the RIKEN Cell Bank (Ibaraki, Japan), and we isolated a clone that consistently underwent a high frequency (ϳ100%) of bone metastasis (12 cells) were suspended in 0.06 ml of PBS and injected into the dorsal subcutaneous tissue of 6-week-old male mice under anesthesia with pentobarbital. The size of the tumor was determined by direct measurement of the tumor dimensions using calipers. To quantitate the tumor volume, the following equation was used: ϭ [length/2 ϫ width/2 ϫ height/2] ϫ 4/3. Fluorescence Imaging of New Blood Vessels-The imaging reagent AngioSense750 (PerkinElmer Life Sciences) is a near infrared-labeled fluorescent macromolecule that remains localized in the vasculature for extended periods of time and enables imaging of blood vessels and angiogenesis. The mice were injected with AngioSense750 on day 15. After 24 h, the fluorescence was detected using the In-Vivo Imaging System FX (Kodak).
Measurement of Bone Mineral Density-The bone mineral density (BMD) of the femora was measured by dual x-ray absorptiometry (model DCS-600R, Aloka). The bone mineral content of the femora was closely correlated with the ash weight. The BMD was calculated as the bone mineral content of the measured area.
Micro CT Analysis-CT scanning of the femora was performed using a microfocus x-ray CT system (inspeXio SMX-90T, Shimadzu). Three-dimensional microstructural image data were reconstructed, and structural indices (bone volume/ tissue volume, trabecular thickness, and trabecular separation) were calculated using TRI/3D-BON software (Ratoc System Engineering Co., Ltd).
Preparation of Bone Marrow Supernatant-To obtain the bone marrow supernatant from mice, bone marrow cells and cancellous bone fragments were collected with 0.5 ml of PBS from the tibiae, as reported previously (27) . After centrifugation to remove the cells and bone fragments, the supernatant was collected for the measurement of PGE 2 .
RT-PCR Analysis-Total RNA was extracted from B16 tumors and cultured cells, and cDNA was synthesized from total RNA and amplified by PCR (9) . The PCR primers for the mouse mPGES-1, mPGES-2, cytosolic PGES, RANKL, VEGF-A, bFGF, and GAPDH genes were used as reported previously (22) . The PCR product was run on a 1.5% agarose gel and stained with ethidium bromide. The band intensity was measured by densitometric analysis using ImageJ.
Culture of Primary Mouse Osteoblastic Cells and B16 CellsPrimary osteoblastic cells were isolated from 2-day-old mouse calvariae as described previously (24) . In co-culture experiments, B16 cells were fixed with 4% paraformaldehyde and washed three times with PBS. Osteoblasts were cultured for 6 h on the layer of fixed B16 cells.
Osteoclast Formation in Co-cultures of Mouse Bone Marrow Cells and Osteoblasts-Bone marrow cells (3 ϫ 10 6 cells) were isolated from 6-week-old mouse tibiae and co-cultured with primary osteoblastic cells (1 ϫ 10 4 cells) in 1 ml of ␣ minimum Eagle's medium containing 10% FBS on 24-well plates. To examine the effects of B16 cells on osteoclast formation, fixed B16 cells were added to the co-culture system. After culturing for 7 days, the cells adhering to the well surface were stained for tartrate-resistant acid phosphatase, and tartrate-resistant acid phosphatase-positive multinucleated cells containing three or more nuclei per cell were counted as osteoclasts.
Culture of Primary Mouse Dermal Fibroblasts-Primary mouse dermal fibroblasts were isolated from 6-to 8-week-old mouse dorsal skin. Skin tissue was collected from each mouse and incubated in DMEM at 37°C for 1 h, chopped into small pieces, and cultured in DMEM supplemented with 10% FBS at 37°C under 5% CO 2 in air. After 14 days, the outgrown dermal fibroblasts were collected by trypsin treatment.
Measurement of the PGE 2 , VEGF-A, and bFGF Content-The concentration of PGE 2 in the bone marrow supernatant or conditioned medium was determined using an enzyme immunoassay (GE Healthcare). The concentration of VEGF-A in the conditioned medium was determined by ELISA (R&D Systems). The concentration of bFGF in the conditioned medium was also determined using an ELISA (R&D Systems).
Statistical Analysis-The data are expressed as the mean Ϯ S.E. The significance of differences was analyzed using Student's t test.
Results
B16 Melanoma Tumorigenesis and Angiogenesis Are Attenuated in mPges1
Ϫ/Ϫ Mice-To ascertain the contribution of PGE 2 produced by cells in the microenvironment to the growth of primary melanomas and to tumor-associated angiogenesis, B16 cells were implanted on the backs of wild-type and mPges1 Ϫ/Ϫ mice. A palpable tumor could clearly be detected in the wild-type mice from days 6 -16, whereas tumor growth in mPges1 Ϫ/Ϫ mice was reduced significantly (Figs. 1, A and B). The tumor growth was accompanied by the substantial formation of new blood vessels around the dorsal subcutaneous tumor in wild-type mice, but tumor-associated angiogenesis was attenuated in mPges1 Ϫ/Ϫ mice (Fig. 1C) . The reduced angiogenesis in mPges1 Ϫ/Ϫ mice was confirmed by fluorescence imaging of new blood vessels around the subcutaneous tumor on day 16 after B16 injection (Fig. 1D) . We detected an DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50
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overall survival benefit in mPges1 Ϫ/Ϫ mice compared with wildtype mice (data not shown).
Reduced Metastasis of B16 Melanoma in mPges1
Ϫ/Ϫ MiceTo evaluate the role of mPGES-1 in melanoma metastasis to bone and subsequent osteolysis, B16 cells were injected into the tail vein of wild-type and mPges1 Ϫ/Ϫ mice, and the femora were collected from the mice to measure the BMD and analyze bone morphometrics by micro CT. Because B16 cells actively produce melanin, the metastatic region could be detected as a black area in the femora on day 18 after the injection of B16 cells into wild-type mice. In mPge1 Ϫ/Ϫ mice, the metastasis of B16 cells could be detected, but the area of metastasis was reduced markedly compared with that in the wild-type mice (Fig. 2A) . The BMD measured by dual x-ray absorptiometry was decreased significantly in the presence of B16 metastases in the femora of wild-type mice, but the femoral BMD did not decrease in mPges1 Ϫ/Ϫ mice injected with tumor cells (Fig. 2B ). The levels of PGE 2 in bone marrow supernatants collected from wild-type mice were elevated by the metastasis of B16 cells, but the PGE2 level in the bone marrow supernatants collected from mPges1 Ϫ/Ϫ mice was significantly lower than that in wild-type mice and was not elevated by the injection of B16 cells (Fig. 2C) .
Using micro CT scans, we analyzed the three-dimensional microstructure of the trabecular bone in the femur. The trabecular bone in the femoral distal metaphysis was reduced by the metastasis of B16 cells in wild-type mice, but the microstructure of the trabecular bone was similar in mPges1 Ϫ/Ϫ mice regardless of whether they had been injected with the B16 cells (Fig. 2D) . Using the micro CT images, we measured the structural indices of trabecular bone, bone volume/tissue volume, trabecular thickness, and trabecular separation. In wild-type mice, the bone volume/tissue volume and trabecular thickness were reduced markedly, and the trabecular separation was elevated by the metastasis of B16 melanoma, but these changes did not occur in mPges1 Ϫ/Ϫ mice (Fig. 2E ). These data indicate that the bone metastasis of B16 cells induced osteolytic bone resorption via mPGES-1-dependent PGE2 production by non-tumor cells in the tumor microenvironment.
In this model, B16 cells injected into the tail veins metastasized simultaneously to bone and to various tissues, including the lung, kidney, and liver. To detect the incidence of B16 metastasis into soft tissues, we collected the lungs, kidneys, and liver from each mouse and measured the number of black colonies present. In wild-type mice, numerous metastatic colonies were detected in the tissues after B16 injection, but their number was reduced markedly in mPges1 Ϫ/Ϫ mice (Fig. 2F ). This indicates that PGE 2 production mediated by mPGES-1 in the tumor microenvironment regulates melanoma metastasis to soft tissues.
Reduced Metastatic Tumor-associated Angiogenesis in mPges1
Mice-Angiogenesis plays a critical role in the metastasis of tumor cells, but the role of PGE 2 in metastasis-associated angiogenesis is unknown. Using a fluorescence imaging technique with AngioSense750, new blood microvessel formation was analyzed in bone and other soft tissues. In wild-type mice, numerous metastatic foci were detected in the femora and tibiae, as shown by the presence of black spots, and red fluorescence, as an indicator of angiogenesis, was detected in bone with B16 metastases (Fig. 3A) . On the other hand, neither bone metastasis nor angiogenesis was detectable in the mPges1 Ϫ/Ϫ mice using any method, including visual inspection, x-rays, fluorescence imaging, or their combination (Fig. 3A) . As shown in Fig. 2F , the metastasis of B16 melanoma to soft tissues, including the lungs, liver, and kidneys, was detected in wild-type mice, but the number of metastatic foci was reduced in all tissues of mPges1 Ϫ/Ϫ mice. Angiogenesis associated with B16 metastasis was detected in the affected tissues of wild-type mice, but the fluorescent signals were reduced markedly in the tissues of mPges1 Ϫ/Ϫ mice (Fig. 3B) . We concluded that metastasis-related systemic neovascularization was dependent on PGE 2 where the synthesis was mediated by mPGES-1 activity in each tissue, including bone. (28) . On the other hand, we have shown previously that direct interactions between breast cancer cells and osteoblasts stimulated the production of PGE 2 by the latter (12) . Because this study indicated that host cell-derived PGE 2 promotes melanoma growth, angiogenesis, and metastasis, we assessed the potential of B16 melanoma cells to modulate PGE 2 production by the cells in their microenvironment, including fibroblasts and osteoblasts.
Interaction between B16 Tumor Cells and Host Fibroblasts Modulates mPGES-1-mediated PGE2 Production and VEGF
Dermal fibroblasts collected from mPges1 Ϫ/Ϫ or wild-type mice were added to a layer of fixed B16 cells or untreated culture wells, and conditioned media were collected after 24 h to measure the concentration of PGE 2 . Fibroblasts from wild-type mice constitutively produced PGE 2 , but PGE production was enhanced greatly when the cells were cultured on a fixed B16 cell layer (Fig. 4A) . By contrast, only a small amount of PGE 2 was produced by dermal fibroblasts from mPges1 Ϫ/Ϫ mice in the cultures, regardless of the presence of the fixed B16 cells (Fig. 4A) . These results suggest that mPGES-1-dependent production of PGE 2 by dermal fibroblasts plays a key role in melanoma growth and neovascularization.
Previous studies have shown that both VEGF and bFGF are essential for the formation of new blood vessels associated with tumors (29) . We therefore examined the role of PGE 2 in the production of VEGF and bFGF by dermal fibroblasts. The expression of VEGF-A and bFGF mRNA was enhanced by adding PGE 2 to the cultures of dermal fibroblasts from wild-type mice, but the expression levels were attenuated in fibroblasts from mPges1 Ϫ/Ϫ mice (Fig. 4B) . The production of VEGF-A and bFGF was elevated significantly by adding PGE 2 to dermal fibroblasts collected from wild-type mice. In fibroblasts collected from mPges1 Ϫ/Ϫ mice, VEGF-A and bFGF levels were enhanced by adding PGE 2 (Fig. 4C) . However, the levels were still lower than those in cells from wild-type mice (Fig. 4C) , probably because of the lack of autoamplification of the PGEinduced PGE production in mPges1 Ϫ/Ϫ mice.
Osteoclast Formation by B16 Melanoma-Osteoblast Contacts
Requires PGE 2 Production to Enhance RANKL Expression-To examine how PGE 2 produced by non-tumor cells in the tumor microenvironment is associated with the bone metastasis of B16 melanoma, we assessed the role of B16 cells on osteoclast Ϫ/Ϫ or wild-type mice, with or without B16 injection, were conducted, and three-dimensional images of trabecular bones were constructed. E, bone morphometric analyses of the distal femur were performed by micro CT to calculate the bone volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp). Data are mean Ϯ S.E. of six mice.*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; NS, no significance. F, wild-type and mPges1 Ϫ/Ϫ mice were injected with B16 cells, and the lungs, kidneys, and liver were collected on day 18 after injection. Representative pictures of tumors in each organ are shown in the top panels. The bottom panels show the number of cancer colonies. Data are mean Ϯ S.E. of wild-type (n ϭ 17) or mPges1 Ϫ/Ϫ (n ϭ 32) mice. *, p Ͻ 0.05; **, p Ͻ 0.001.
formation by co-culturing bone marrow cells and osteoblasts from wild-type and mPges1 Ϫ/Ϫ mice in the presence of fixed B16 cells. The results showed that fixed B16 cells markedly induced osteoclast formation in the case of cells from wild-type mice without any stimuli, but no osteoclasts were observed in the cells from mPges1 Ϫ/Ϫ mice (Figs. 5, A and B) . RT-PCR analysis of the expression of RANKL mRNA on day 4 of co-culture showed that RANKL expression was enhanced by the presence of fixed B16 cells in the co-culture of cells derived from wildtype mice but not in co-cultures with cells from mPges1 Ϫ/Ϫ mice (Fig. 5C ). The level of PGE 2 in the conditioned medium of the co-cultures with wild-type cells was elevated with fixed B16 cells, but PGE 2 could not be detected in the co-cultures of cells from mPges1 Ϫ/Ϫ mice, even after incubation with fixed B16 cells (Fig. 5D) .
To clarify the importance of cell-cell interactions between the osteoblasts and B16 cells, osteoblasts from wild-type mice were cultured on a layer of fixed B16 cells for 6 h. The expression of mPGES-1 mRNA was induced markedly in osteoblasts by contact with fixed B16 cells collected from wild-type mice but not in those from mPges1 Ϫ/Ϫ mice (Fig. 5E ). The expression of mPGES-2 and cytosolic PGES mRNAs in osteoblasts collected from either wild-type or mPges1 Ϫ/Ϫ mice was not influenced by contact with fixed B16 cells (Fig. 5E ). These results
FIGURE 3. Reduced angiogenesis in B16 metastases in bone and soft tissues in mPges1
؊/؊ mice. A, wild-type and mPges1 Ϫ/Ϫ mice were injected with B16 melanoma as in Fig. 2A , and new blood vessels were measured by fluorescence imaging with AngioSense750 in the femur and tibia of mice. Bone metastases detected in visible panels were co-localized with angiogenesis detected by AngioSense750 (Merge). B, fluorescence imaging of new blood vessels was performed in the lungs, liver, and kidneys as in A. Angiogenesis was clearly detected in all organs with B16 metastasis in wild-type mice (Merge), but it was reduced in mPges1 Ϫ/Ϫ mice.
suggest that mPGES-1-mediated PGE 2 production by osteoblasts is essential for the osteoclastogenesis induced by cell-tocell interactions between cancer cells and osteoblasts. 2 is known to act on individual target cells through a family of receptor subtypes identified as EP1, EP2, EP3, and EP4. Using specific antagonists for respective EPs, we evaluated which EP mediated the PGE 2 signaling in the B16 metastases to hard-tissue bone and other soft tissues. Wild-type mice were injected with B16 cells, and then an EP1 antagonist, EP2 antagonist, EP3 antagonist, or EP4 antagonist was administered for 17 days by oral gavage. The EP4 antago- or wild-type mice were cultured on fixed B16 cells or control wells, and the concentration of PGE 2 in the conditioned medium was determined after 24 h by enzyme immunoassay. Data are mean Ϯ S.E. of 3-4 wells. *, p Ͻ 0.01; **, p Ͻ 0.001. B, dermal fibroblasts from mPges1 Ϫ/Ϫ or wild-type mice were cultured with or without PGE 2 (10 M). After 48 h, total RNA was extracted, and the expression of VEGF-A and bFGF mRNA was determined by RT-PCR. The graphs show the relative intensity of VEGF-A188, VEGF-A164, VEGF-A120, and bFGF expression compared with the wild-type control. C, dermal fibroblasts from mPges1 Ϫ/Ϫ or wild-type mice were cultured with or without PGE 2 (10 M). The concentrations of VEGF-A and bFGF in the conditioned media were determined after 48 h by ELISA. Data are mean Ϯ S.E. of three wells. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. N.D., not detected. DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50 nist markedly suppressed bone metastasis compared with the control, but other EP (EP1, EP2, and EP3) antagonists had minimal effects (Fig. 6A) . The number of metastatic colonies in the lungs was suppressed markedly by the EP4 antagonist, and both the EP2 and EP3 antagonist significantly suppressed lung metastasis (Fig. 6B) .
EP4 Mediates the Actions of PGE 2 in the Growth and Metastasis of B16 Melanoma-PGE
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To evaluate the role of EP4 in PGE-dependent tumor growth, wild-type mice were subcutaneously injected with B16 cells, and some mice were treated with the EP4 antagonist by subcutaneous injection into the tissue surrounding the tumor. Tumor growth was clearly found in control mice on days 11-18, but mice treated with the EP4 antagonist showed little change in the volume of the tumor, even on day 18 (Fig. 6C) . In cultures of dermal fibroblasts, production of VEGF-A was elevated by PGE 2 and suppressed completely by adding the EP4 antagonist. The EP1 or EP3 antagonist also partially suppressed the production of VEGF-A (Fig. 6D) .
B16 cells express EP1 but not other EPs (EP2, EP3␣, EP3␤, EP3␥, and EP4) in RT-PCR (data not shown). To examine the effects of the respective EP antagonists on the proliferation of B16 cells, we added each antagonist to cultures of B16 cells and found that none of the antagonists affected the colony formation of B16 cells in vitro (data not shown). When PGE 2 was added to the culture of B16 cells, the proliferation of B16 was not influenced by PGE 2 in vitro (data not shown). The cell motility of B16 cells measured by the migration assay was not influenced by adding PGE 2 in vitro (data not shown). These results indicate that both the metastasis and growth of B16 melanoma were regulated by the PGE 2 produced by the host-derived cells in the tumor microenvironment, and FIGURE 6. An EP4 antagonist inhibits the growth and metastasis of B16 tumors. A, wild-type mice were injected with B16 cells, and then EP antagonists were administered orally for 17 days. Representative pictures of the tumor growth in the femora are shown. B, lungs were collected 18 days after injection, and the tumor colonies were counted. Data are mean Ϯ S.E. (vehicle, n ϭ 8 -10; EP1 antagonist, n ϭ 9; EP2 antagonist, n ϭ 8; EP3 antagonist, n ϭ 9; EP4 antagonist, n ϭ 10). *, p Ͻ 0.01; **, p Ͻ 0.001. C, wild-type mice were injected with B16 cells into the dorsal subcutaneous tissue and treated with either vehicle or an EP4 antagonist by subcutaneous injection around the tumor. Representative pictures of the tumors on day 16 after injection are shown in the top panel. The arrowheads indicate the subcutaneous solid tumor. The tumor volume was determined by measurement of the tumor dimensions using calipers on days 11-18. *, p Ͻ 0.01; **, p Ͻ 0.001. D, dermal fibroblasts collected from wild-type mice were cultured in the presence or absence of PGE 2 (10 M) and an antagonist of EP1, EP2, EP3, or EP4 (10 M each). After 48 h, the concentration of VEGF-A in the conditioned medium was determined by ELISA. Data are mean Ϯ S.E. of three wells. Significant differences from control (*, p Ͻ 0.01) and PGE 2 -treated (#, p Ͻ 0.05; ##, p Ͻ 0.01, ###, p Ͻ 0.001) cells are indicated. subsequent signaling is mediated by the EP4 receptor in vivo.
To confirm the role of the EP4 expressed in host-derived cells on the PGE 2 -mediated effects on the growth of B16 tumors, we used EP4-null Ptger4 Ϫ/Ϫ mice. When Ptger4 Ϫ/Ϫ and wild-type mice were injected with B16 cells into their dorsal subcutaneous tissue, tumor growth was attenuated significantly in Ptger4 Ϫ/Ϫ mice on days 6 -15 (Fig. 7A ). An in vitro study showed that the production of VEGF-A was elevated by PGE 2 in cultures of dermal fibroblasts isolated from wild-type mice, but fibroblasts from Ptger4 Ϫ/Ϫ mice produced only a small amount of VEGF-A, and this level was not enhanced by PGE 2 (Fig. 7B) . Therefore, we conclude that PGE 2 acts on the EP4 in stromal cells to regulate tumor growth.
Discussion
In this study, we have shown that direct interaction with tumor cells induced COX-2-and mPGES-1-dependent PGE2 production by stromal fibroblasts and osteoblasts in the tumor microenvironment and that PGE 2 acts via the EP4 receptor to induce tumorigenesis, angiogenesis, and bone resorption. In soft tissues with cancer metastasis, PGE 2 -induced production of VEGF and bFGF by the stromal fibroblasts in the tumor microenvironment may be essential for angiogenesis to support tumor growth (Fig. 7C) . In hard-tissue bone, PGE 2 -induced RANKL expression by osteoblasts is critical for osteoclast formation, which leads to the bone loss associated with bone metastasis (Fig. 7C) .
Li et al. (28) examined the role of PGE 2 produced by mesenchymal stromal cells in tumor progression and found that IL-1 produced by cancer cells acts on stromal cells to stimulate COX-2 expression and PGE production. PGE 2 also acts on stromal cells in an autocrine fashion to trigger the production of cytokines such as IL-6 and IL-8 (28) . Therefore, cancer-derived cytokines may be involved in PGE production by host cells driv- Ϫ/Ϫ or wild-type mice were cultured in the presence or absence of PGE 2 (10 M). After 48 h, the concentration of VEGF-A in the conditioned media was determined by ELISA. Data are mean Ϯ S.E. of three wells. *, p Ͻ 0.001. C, schematic of the PGE 2 /EP4-depedendent mechanism involved in angiogenesis, tumorigenesis, and osteoclastogenesis. In soft tissues, stromal fibroblasts interact with cancer cells and produce PGE 2 via mPGES-1, and then PGE 2 induces VEGF-A and bFGF production as a result of autocrine/paracrine signaling via EP4. In hard-tissue bone, the interaction with cancer cells elicits mPGES-1-dependent PGE 2 production by osteoblasts, and then PGE 2 induces the expression of RANKL on the surface of osteoblasts to induce osteoclast formation, which is critical for the osteolysis associated with the bone metastasis of cancer. AA, arachidonic acid.
ing tumor progression (28, 30) . In this study, we have shown that cell-cell interactions between fixed melanoma cells and live osteoblasts elicit PGE 2 production by osteoblasts and stimulate RANKL-dependent osteoclast formation. PGE 2 could not be detected in the conditioned medium of B16 cultures, and the conditioned medium of B16 cultures could not induce RANKLdependent osteoclast formation (data not shown). Therefore, cell surface molecule(s) in B16 may induce the expression of COX-2 and mPGES-1 in osteoblasts to produce PGE 2 by cellcell interaction, not by soluble factors. Brandner and Haass (31) showed the role of connexins (Cx) in direct cell-cell communication between melanoma cells and host cells in the tumor microenvironment. Melanoma cells expressing higher levels of Cx43 showed increased coupling to vascular endothelial cells and a high risk of metastasis. On the other hand, epidermal host cells expressed Cx26, and the expression of Cx26 in the adjacent non-cancer tissues may be useful to identify patients with a high risk of metastasis. Cx43 is expressed in osteoblasts as gap junction channels (32) , and B16 cells express Cx26 (31) . Further studies are needed to define a cell surface molecule involved in cell-cell interaction between B16 melanoma and osteoblasts.
It is also possible that the extracellular matrix produced by cancer cells is involved in cancer-related events. Osteoclast formation was induced markedly by fixed B16 cells. However, when bone marrow cells and osteoblasts were co-cultured on the extracellular matrix without B16 cells, osteoclast formation was not detected (data not shown), suggesting that a cell surface molecule in B16 cells, rather than B16-derived extracellular matrix, is responsible for osteoclast formation via cell-to-cell contact. Further studies are needed to examine the role of extracellular matrix derived from cancer cells and stromal cells in the growth and metastasis of cancer.
Previous studies have suggested that there is a correlation between cancer growth and PGs. There have been two conflicting reports of tumorigenesis in mPges1 Ϫ/Ϫ Apc-mutant Min mice. Elander et al. (33) have shown that the genetic deletion of mPGES-1 accelerates intestinal tumorigenesis in Apc-mutant mice. However, Nakanishi et al. (34) have shown the suppression of intestinal tumorigenesis by genetic deletion of mPGES-1 in Apc-mutant mice. On the other hand, some prostate cancer cells express mPGES-1 highly, and knockdown of the mPges1 gene reduced the growth and colony formation of prostate cancer cells (35) . These data suggest that some cancer cells produce PGE 2 via their own mPGES-1 and that released PGE 2 regulates the growth of cancer cells.
Using specific antagonists for different EP, previous studies have shown that PGE 2 acts on cancer cells expressing EP1 and EP4. In cultures of oral squamous cell carcinoma, PGE 2 promoted cell migration and ICAM-1 expression via EP1 (36) . Several reports have shown that EP4 signaling regulates the migration of lung cancer cells, tumor-associated angiogenesis in prostate cancer, and the metastatic potential in breast and lung carcinomas (6, 36 -39) . The B16 cells used in this study do not express EP4, and treatment with the EP4 antagonist did not influence the proliferation of B16 cells in vitro (data not shown). Adding PGE 2 did not influence the proliferation or migration of B16 cells in vitro (data not shown). However, administration of the EP4 antagonist to mice clearly suppressed tumor growth in vivo (Fig. 6) . Furthermore, the growth of B16 tumors was attenuated in Ptger4 Ϫ/Ϫ mice (Fig. 7) , indicating that the PGE 2 produced by stromal lineage cells may act on the EP4 expressed in these cells to promote cancer metastasis and tumor growth.
Regarding bone metastasis, the regulation of bone resorption by cancer cells is critical because bone metastasis is accompanied by osteolysis with enhanced osteoclastogenesis and skeletal phenomena with severe bone pain, which is a major clinical issue in patients with bone metastases. In this study, we found that cancer-induced osteoclastogenesis could not be induced in co-cultures of bone marrow cells and osteoblasts collected from mPges1 Ϫ/Ϫ mice because of the lack of PGE 2 production by osteoblasts and that the osteolysis associated with bone metastasis was attenuated in mPges1 Ϫ/Ϫ mice. Therefore, cancer cells may induce PGE 2 production by normal osteoblasts, and the released PGE2 subsequently acts on the osteoblasts via EP4 to elicit the expression of RANKL, which induces osteoclastic bone resorption in bone tissue with cancer metastasis.
Bone metastasis frequently occurs in breast and prostate cancers. In the clinical setting, anti-estrogen and anti-androgen therapies are crucial for breast and prostate cancers, but some cancer cells are resistant to hormone therapy, which leads to the recurrence and metastasis of the cancer. Bisphosphonate and a RANKL antibody could suppress the osteolysis associated with bone metastasis of cancer in clinical trials, but these agents mainly act on bone tissue (40) . Blocking PGE 2 /EP4 signaling may be more useful for the prevention of both bone and soft tissue metastasis in several types of cancer, including hormoneresistant breast cancer, because an EP4 antagonist could inhibit not only osteolysis associated with bone metastasis but also tumor growth occurring via microenvironment-dependent mechanisms.
Angiogenesis with new blood vessel formation is essential for tumor growth to supply nutrition and oxygen for cancer cells, and VEGF is a pivotal factor required to induce tumor-associated angiogenesis (29) . PGE 2 has been reported to induce the expression of VEGF in stromal fibroblasts, and EP2 and/or EP4 signaling is considered to be involved in the induction of VEGF (41, 42) . Using a gastric cancer mouse model, Guo et al. (42) have reported that the PGE 2 and Wnt pathways play key roles in gastric tumorigenesis through the induction of VEGF production by stromal fibroblasts. In addition to VEGF, bFGF has been reported to induce angiogenesis associated with tumor growth. Previous studies have shown that bFGF is expressed in various types of human cancer, including prostate cancer, breast cancer, and lung cancer (43, 44) , and that increased expression of bFGF can be detected in stromal cells within prostate tumors (45) . Polnaszek et al. (46) have found that bFGF Ϫ/Ϫ mice exhibited increased survival, decreased metastasis, and inhibited progression of prostate tumors. In cultured endothelial cells, PGE 2 stimulated proliferation by enhancing the signal for bFGF/FGFR-1, and PGE 2 -induced angiogenesis was attenuated in endothelial cells collected from bFGF Ϫ/Ϫ mice (47) . Recent studies have shown that PGE 2 regulates endothelial cell proliferation, migration, and tubulogenesis via EP4 (48) . Further studies are needed to clarify the possible action of PGE 2 in endothelial cells with regard to regulating tumor angiogenesis.
In conclusion, this study clearly showed that the growth and metastasis of malignant melanoma were attenuated in mPges1 Ϫ/Ϫ mice and Ptger4 Ϫ/Ϫ mice and that the administration of an EP4 antagonist inhibited the tumor growth and metastasis in various tissues, including bone, lung, kidney, and liver. Our data suggest that autocrine/paracrine PGE 2 /EP4 signaling has a critical role in the growth and metastasis of cancer and support the development of clinical trials to determine whether an EP4 antagonist can be useful as therapeutic agent in the management of primary and metastatic cancer.
Author Contributions-M. I., M. T., T. M., S. N., and C. Miyaura conceived and designed the study. M. I., M. T., T. M., and C. Miyaura developed the methodology. M. I., M. T., S. Y., K. W., T. T., C. Matsumoto, M. H., Y. S., S. N., S. U., S. A., and C. Miyaura acquired the data (provided animals, provided facilities, etc.). M. I., T. M., Y. S., S. N., S. U., G. M., H. N., and C. Miyaura analyzed and interpreted the data. M. I., Y. M., Y. S., S. N., S. U., G. M., H. N., and C. Miyaura wrote and reviewed the manuscript.
